A variety of molecular genetic approaches were used to study the effect of rabies virus (RV) infection on host gene expression in mouse brain. The down-regulation of gene expression was found to be a major effect of RV infection by using subtraction hybridization. However, a combination of techniques identified approximately 39 genes activated by infection. These included genes involved in regulation of cell metabolism, protein synthesis, synaptic activity, and cell growth and differentiation. Northern blot analysis to monitor temporal activation of several of these genes following infection revealed essentially two patterns of activation: (i) an early response with up-regulation beginning within 3 days after infection and correlating with transcription of RV nuclear protein; and (ii) a late response with enhanced expression occurring at days 6 -7 after infection and associated with peak RV replication. The gene activation patterns and the known functions of their products suggest that a number of host genes may be involved in the replication and spread of RV in the brain.
A variety of molecular genetic approaches were used to study the effect of rabies virus (RV) infection on host gene expression in mouse brain. The down-regulation of gene expression was found to be a major effect of RV infection by using subtraction hybridization. However, a combination of techniques identified approximately 39 genes activated by infection. These included genes involved in regulation of cell metabolism, protein synthesis, synaptic activity, and cell growth and differentiation. Northern blot analysis to monitor temporal activation of several of these genes following infection revealed essentially two patterns of activation: (i) an early response with up-regulation beginning within 3 days after infection and correlating with transcription of RV nuclear protein; and (ii) a late response with enhanced expression occurring at days 6 -7 after infection and associated with peak RV replication. The gene activation patterns and the known functions of their products suggest that a number of host genes may be involved in the replication and spread of RV in the brain.
T he outcome of rabies virus (RV) infection is determined by the convergence of several different virus-host interactions, including those that contribute to virus replication and spread, pathogenic effects on cells, and antiviral responses. RV is particularly suitable for the study of virus-host interactions because of the small size of its genome and its high specificity for infection of neurons. Nevertheless, the mechanisms involved in the disease process are undoubtedly complex. For example, the virus, which uses the neuronal network to spread within the host, must initially replicate in neurons without causing significant functional impairment that would compromise the infection cycle (1) . While there is some understanding of the roles of viral proteins in rabies pathogenesis, the contribution of host factors to RV transcription͞replication and axonal͞trans-synaptic spread remain unknown. Various technologies are now available to identify host genes that might be essential for the life cycle of RV, important in antiviral defense, or activated nonspecifically in RV infection (2) (3) (4) . Because each technology is suited for the detection of different classes of genes and different levels of gene expression, we used a variety of assays, including differential display (DD), cDNA array hybridization, subtraction hybridization (SH), and restriction fragment differential display (RFDD), to assess gene expression in rabies-infected mouse brain. With these approaches, we have revealed the effects of rabies infection on select gene expression patterns in the brain. Based on known functional properties of several gene products as well as the timing of their up-regulation after infection, we discuss possible contributions of host genes to the pathogenesis of rabies.
Materials and Methods
Virus Infection of Mice. Female, 6-to 8-week-old Swiss Webster mice were purchased from Taconic Farms. Mice were maintained under pathogen-free conditions and used to 10 weeks of age. Groups of five mice were infected intramuscularly in the masseter with 10 IM LD 50 of the mouse-adapted CVS-N2c strain of RV (5) . At different times after infection, mice were killed and their brains were removed and snap-frozen in liquid nitrogen. Analyses were performed on RNA prepared from individual mice, selected on the basis of RNA quality and the presence of rabies N mRNA.
RNA Isolation and DNase I Treatment. Total cellular RNA was isolated from mouse brain using the Ultraspec RNA isolation system (Biotecx Laboratories, Houston) according to the manufacturer's instructions. Residual DNA contamination was removed by treatment of the RNA with RQ1 RNase-free DNase I (Promega). Samples were extracted with Ultraspec RNA reagent and precipitated with isopropanol. The RNA pellet was resuspended in 300 l of diethyl pyrocarbonate-treated water.
DD Analysis. Single-stranded cDNAs generated from control and rabies-infected brain mRNA preparations were used as templates for PCR reactions with random and anchor primers and radiolabeled nucleotides (6) . The labeled PCR products of the different samples were electrophoresed in adjacent lanes of a polyacrylamide gel, and differentially expressed genes were identified by comparison of the intensity of comigrating bands. The genes involved were identified by sequencing and by searching in GenBank.
cDNA Array Hybridization. Highly labeled single-strand cDNAs synthesized from normal and infected total mouse brain RNAs (day 6 after infection) were directly hybridized with the Atlas mouse 1.2 Array (CLONTECH) according to the manufacturer's recommendations. The hybridization spots were detected by phosphorimaging and autoradiography. Densities of hybridization signals were estimated using the Beta 3b version of the Scion IMAGE computer program (Scion Corporation, Frederick, MD) and normalized to the expression of housekeeping genes. Genes, up-regulated by rabies infection were reexamined by using Northern hybridization.
SH. SH was performed using the PCR-Select cDNA Subtraction Kit (CLONTECH) with some modifications. Briefly, doublestranded cDNAs were synthesized by the SMART PCR cDNA Synthesis Kit (CLONTECH). The first and second rounds of SH were performed according to the manufacturer's recommendation with a 4-fold excess of driver cDNA. The resulting cDNA products were random-labeled and used as probes for hybridization with cDNA array membranes.
RFDD. All steps of RFDD except total RNA isolation were performed by PCG Scientific Corp. (Frederick, MD). Briefly, Abbreviations: RV, rabies virus; p.i., postinfection; N protein, nuclear protein; CNS, central nervous system; DD, differential display; SH, subtraction hybridization; RFDD, restriction fragment differential display; G3PDH, glyceraldehyde-3-phospho-dehydrogenase; IRF7, interferon regulatory factor 7; HSP-90, 90-kDa heat shock protein; FHF-4, fibroblast growth factor homologous factors 4.
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total RNA from normal brain and from infected mice (day 6 p.i.) were used for synthesis of double-stranded cDNAs, digested with TaqI restriction enzyme, and ligated with two different DNA adaptors. These were amplified by using a conventional primer and a set of 64 selection primers, which allow selection of different cDNA subpopulations in 64 PCR reactions. Amplified fragments were separated on a polyacrylamide gel, and fragments were excised from the gel and used for gene array slide preparation. Slides containing 2,688 different fragments were hybridized simultaneously with two fluorescently labeled cDNA probes obtained from brain RNAs of uninfected mice and mice infected 6 days previously, and the fluorescent signals were quantified by an automated scanner system.
Northern Blot Hybridization. Total RNAs (20 g) from brain tissue obtained from individual mice that were either uninfected or infected 3-7 days previously with CVS-N2c strain of RV virus were size-fractionated on 1.2% formaldehyde agarose gel and transferred to nylon membranes. Probes for Northern hybridization, consisting of cDNAs identified by the approaches detailed above, were labeled by using the Random-Primed DNA Labeling Kit (Boeringer Mannheim). After hybridization and washing, Northern blots were quantitated by PhosphoImager system (Molecular Dynamics), exposed to Fuji film, and rehybridized with a probe for glyceraldehyde-3-phospho-dehydrogenase (G3PDH) to monitor RNA loading.
Results

Identification of Genes Differentially Expressed in RV-Infected Mouse
Brain. DD using random primer sets identified 29 differentially expressed gene fragments in brains of uninfected mice or mice at 3, 4, 5, 6, or 7 days after infection with CVS-N2c. Nine of these gene fragments represent previously identified genes ( Table 1) . The sequences of the remaining 20 fragments were identical to different, previously reported mouse ESTs (expressed sequence tags) that have not yet been associated with specific genes. Reverse slot hybridization analysis to confirm the differential expression of the amplified DNA fragments between uninfected and rabies-infected (day 6) mice revealed only three cDNA fragments, corresponding respectively to VL-30 retrotransposon, interferon regulatory factor 7 (IRF7), and RV nuclear (N) protein, that were strongly up-regulated (data not shown). The DD expression patterns of these genes are shown in Fig. 1 (A, B, and C). Northern blot analysis of the expression of the RV N gene in the brains of mice at different days after CVS-N2c infection demonstrated low levels of transcription beginning on day 3 and becoming elevated at days 6-7 ( Fig. 1 C, F , and J) when negative-strand RV genomic RNA became abundant ( Fig. 1 F  and I) . Similarly, enhanced expression of IRF7 and VL-30 was also a relatively late occurrence at days 6 and 7 p.i. (Fig. 1 D, 
E, G, and H).
cDNA Array hybridization with 32 P-labeled cDNA probes generated from total RNA of uninfected and 6-day p.i. brain revealed eight up-regulated genes at day 6 after RV infection (Table 1 ). Only STAT-1 was consistently up-regulated in Northern blot analysis (Fig. 2 A, B, and C) . STAT-1 mRNA, which is constitutively expressed at low levels, was up-regulated on day 4 p.i., increasing to maximal levels by day 6 p.i. (Fig. 3D) .
Subtraction of mRNAs expressed in normal and rabiesinfected mouse brain was performed in two directions. ''Forward'' subtraction of normal brain cDNA with excess cDNA from brain at day 6 p.i. was used to identify genes that are expressed in normal tissue but down-regulated by rabies infection. ''Reverse'' subtraction of cDNA from brain at day 6 p.i. with excess normal cDNA was used to identify genes up-regulated by infection. Hybridization of forward-and reverse-subtracted cDNA pools with two Atlas Mouse 1.2 Array membranes revealed more hybridization signals for the forward-subtracted probe compared with the reverse-subtracted probe (Fig. 3 A and  B) . Approximately 190 (16%) of the 1,176 genes represented on the array were expressed at detectable levels in the cDNA preparation from normal brain subtracted with a 4-fold excess of cDNA from the rabies-infected brain. This indicates that at least 190 genes are expressed at significantly higher levels in the normal as opposed to rabies-infected (day 6) mouse brain. However, only 16 (1.4%) of the genes tested were overexpressed in infected brain (Table 1) . Subtraction efficiency was confirmed in both cases by depletion of abundant housekeeping genes. Northern blot analysis on brain mRNA samples from individual mice infected 3, 4, 5, 6, and 7 days previously indicated consistent up-regulation of semaphorin G, laminin receptor 1, neuroleukin (Fig. 3 C, D , and E, respectively), 90-kDa heat shock protein (HSP-90), and fibroblast growth factor homologous factors 4 (FHF-4) (data not shown). Expression levels semaphorin G and laminin receptor 1 were initially up-regulated in infected mouse brain at day 6 p.i. and more highly at day 7 p.i. (Fig. 3 C and F) , whereas neuroleukin (Fig. 3 E and H ) became strongly and abruptly elevated at day 6 p.i. and remained at high levels through day 7. Up-regulation of the remainder of the genes apparently stimulated in RV-infected brain could not be clearly confirmed by Northern analysis (data not shown). The comparison of gene expression in brain of uninfected mice and mice at day 6 p.i. using RFDD revealed about 2,688 differentially expressed gene fragments. Array analysis of fragments hybridized with fluorescent-labeled cDNA probes generated from both normal and infected brains revealed nine genes expressed at 2-fold or greater levels in RV-infected mice, six of which were associated with a known function ( Table 1) . Northern hybridization confirmed up-regulation of two genes (ApoD, Fig. 4 B and C, and CDC10, data not shown).
Confirmation of Host Gene Activation in Central Nervous System (CNS)
of RV-Infected Mice. Using DD, RFDD, cDNA array, and SH approaches, we identified no gene that was up-regulated in more than a single screening method. This finding might reflect the specificity of each technique for a select array of genes or a greater probability of detecting genes expressed at different levels. Nevertheless, each approach identified genes that were confirmed by Northern blot analysis to be up-regulated relative to the expression of the housekeeping gene G3PDH. However, confirmation of gene up-regulation may be limited to genes expressed at relatively high levels (at least 2-fold higher than those in control tissue). Northern analysis confirmed the upregulation of 10 genes identified by the above techniques. Of the techniques used, SH yielded the highest number (five) of confirmed up-regulated genes ( Table 2) . Two basic patterns of gene activation during RV infection were discerned: STAT-1, VL-30, FHF-4, and IRF7 were all rapidly up-regulated at days 3 and 4 p.i., which correlated with the transcription of RV N protein, whereas expression of neuroleukin, laminin receptor 1, ApoD, semaphorin G, HSP-90, and CDC10 was enhanced late in infection (days 6 and 7), corresponding with replication of the RV genome.
Discussion
Clearly, the predominant effect of RV infection on host cells is the down-regulation of gene expression. SH analysis revealed that approximately 90% of the genes in normal brain detected on the arrays used were expressed at more than 4-fold lower levels E and B) . Expression values for each gene (F-H) were determined as described in the legend to Fig. 1.   Fig. 4 . Gene expression analysis using RFDD. Identification of differentially expressed genes in RV-infected mouse brain was performed as described in Materials and Methods. A is a pictorial representation shown as a GenePies chart with each spot corresponding to each gene. The expression level in each spot/gene is reflected by the size of the GenePies, i.e., spots with large intensities are shown as large pies, whereas spots with intensities close to the background level are very small. White and dark colors of each pie show the ratio of control to noncontrol expression levels. Up-regulation of ApoD at days 3, 4, 5, 6, and 7 p.i. (indicated by the arrow in A) was further assessed by Northern hybridization (B). Relative expression levels of ApoD mRNA (C) were determined as described in the legend to Fig. 1 .
in the day 6 infected mouse brain, whereas only 1.4% were up-regulated in the latter. In this regard, it should be noted that a large number of the genes on the array encode transcription factors and DNA binding proteins that are involved in normal cell maintenance functions may be unnecessary for RV replication. Because our studies were of total brain mRNA, this suggests that RV infection, which is restricted to neurons, inhibits the expression of such genes in the infected neuron as well as in other noninfected neuronal and non-neuronal CNS resident cells. Based on the levels of rabies genomic RNA detected in CNS tissue, we expect that the spread of CVS-N2c is limited for the first 5 days of infection but increases rapidly from day 6 until the death of the animal. We speculate that the inhibition of normal gene expression in uninfected CNS resident cells may make a significant contribution to the pathogenesis of rabies.
While it is somewhat premature, based on these initial results, to speculate about the contributions of the various up-regulated gene products to RV infection, certain known attributes of some of these proteins allow us to formulate testable hypotheses about their possible roles in the infection. As shown in Table 2 , host gene responses evidently fall into two categories: (i) early activation beginning by day 3 and increasing throughout the infection in parallel with rabies N protein RNA transcription; and (ii) late activation at days 6 and 7 p.i. which is associated with an exponential increase in the replication of the RV genome. We consider that these temporal differences in host gene activation may be relevant to their functions in rabies infection. In our view, genes activated early in the infection are more likely to represent the innate host cell response to the infection as well as genes important for the replication of virus mRNAs and proteins. On the other hand, we expect that genes contributing to the cellto-cell spread of the virus and neural dysfunction are more likely to be activated at the later stage when more virus particulars are being formed.
With respect to early events in virus infection, three transcription factors, IRF7, STAT-1, and VL-30, were found to be up-regulated by RV. IRF7 and STAT-1 are members of two different families of transcription factors that have been implicated in antiviral defense, cell growth, and immune regulation. Both are involved in the interferon response pathway (7, 8) . On the other hand, VL-30 retro-elements represent a prototype of the ''growth-regulated'' class of early response nuclear transcription factors whose function, when activated, is to integrate extracellular second͞third messenger signaling pathways into cellular responses (9) . Retrotransposition of VL-30 elements can also cause insertional deregulation of cellular gene expression (10) . Further studies are required to determine whether these transcription factors are induced in the infected neurons or in other CNS resident cells and whether their end results are to protect against RV infection or facilitate spread of the virus.
Gene products, which are neuron specific or have a selective effect on neuronal function, are most likely to be relevant to the replication and spread of the virus. Because neurons are essentially nondividing, we speculate that up-regulation of certain genes may be required to support RV replication, which, at high levels, is a relatively late event in the infection (see Table 2 , RV genomic RNA). Growth factor genes are expected in this category and, indeed, two growth factor genes, encoding FHF-4 and neuroleukin, were confirmed by Northern hybridization to be up-regulated in the RV-infected CNS. FHF-4 is a member of the fibroblast growth factor homologous factors family that is predominantly expressed in the CNS (11) . The functions of FHF-4 are not fully understood but are expected to include aspects of cell activation (12) . Neuroleukin, a neurotropic growth factor that promotes motor neuron regeneration in vivo and the survival of peripheral and central neurons in vitro (13, 14) , is strongly up-regulated late in the infection (days 6 and 7).
In addition to host cellular responses, which may support the production of RV RNA and proteins, the assembly of RV may also require host proteins. For example, chaperons may be necessary for proper folding of viral proteins. The stress protein HSP-90 is a highly conserved molecular chaperon that is constitutively expressed in the cytoplasm of many neuronal populations throughout the neocortex, hippocampus, striatum, and cerebellum of the brain (15, 16) . HSP-90 possesses two chaperon sites located in the NH 2 and COOH terminals and, through direct interactions, has important effects on the activity of a number of proteins (17) . We speculate that this may also be the case for rabies proteins as HSP-90 expression is up-regulated during rabies infection, particularly at days 6 and 7 p.i., when extensive assembly of new RV particles is likely.
The virtually exclusive trans-synaptic spread of RV within neurons suggests that there may be specialized interactions between RV and proteins expressed at the synaptic junction. The expression of genes relevant to the spread of RV, but also necessary for synaptic function, may either be conserved or up-regulated, likely late during infection coincidental with high levels of virus production. A group of proteins expressed either in the synaptic region or neuromuscular junction of neurons, including CDC10, PSD-95, N-cadherin, the GTP binding protein Gz, and VAMP1 fall into this category. CDC10, N-cadherin, Gz, and VAMP1 are up-regulated late in rabies infection whereas, unlike the majority of other genes, the expression of PSD-95 is maintained throughout. CDC10, which is associated with the exocyst complex in the postsynaptic region, is thought to be involved in vesicle fusion at the plasma membrane (18, 19) . VAMP1 (synaptobrevin), one of the key proteins in the endocytosis vesicle complex in the presynaptic membrane, is thought to have an important role in synaptic vesicle function (20, 21) . Gz, which is predominantly expressed in the brain, retina, and adrenals (22) , like other GTP binding proteins is likely to be involved in G-protein coupled signal transduction and regulation of membrane traffic (23) . We hypothesize that CDC10 and VAMP1, which both have transmembrane domains, may physically interact with RV or its subunits to facilitate trans-synaptic transport of the virus while Gz may be involved in the regulation of this process.
Two other genes found to be up-regulated late in the RVinfected CNS, semaphorin G and laminin receptor 1, may be involved in establishing new connections between neurons, which facilitate spread of the virus. Semaphorin G, a member of the membrane-bound semaphorins that is expressed exclusively in brain, is sharply up-regulated from day 6 to day 7 p.i. when RV replication is maximal. Semaphorin G contains seven COOHterminal thrombospondin repeats, a motif known to promote neurite outgrowth (24) . Laminin receptor 1, which is upregulated during the same period of infection, potentially has a related function. Laminin, a component of basal laminae, evidently mediates growth and spread of nerve fibers through binding to laminin receptor 1 (25) . The activation of these genes in the RV-infected brain suggests that the establishment of new connections between neurons may be an element of the spread of RV in the CNS. Other genes relevant to CNS damage and repair, and possibly this process, are up-regulated in nonneuronal cells in the RV-infected brain. One example of this, ApoD, is thought to play a role in neuronal degeneration and regeneration in the CNS and the peripheral nervous system as it is up-regulated in several neurodegenerative disorders and in traumatic brain injury (26, 27) .
We expect that the replication and spread of RV depends on a sequence of host gene functions that parallel the replication of RV proteins and, subsequently, production of RV. Early in the infection (days 3 and 4), several genes are up-regulated, which may be relevant to neuronal activation (Fig. 5) . Without further experimentation, we cannot speculate as to whether these support or interfere with the transcription and translation of viral genes. However, we believe that several host genes either up-regulated late in the infection or expressed throughout are important to RV assembly and spread. We theorize that HSP-90 may be involved in the assembly of RV, whereas CDC10 and associated postsynaptic density proteins contribute to the transsynaptic spread of the virus. We further propose that semaphorin G and laminin receptor 1 as well as, possibly, ApoD may contribute to the establishment of new neural connections to facilitate the spread of RV.
Clinical rabies has an almost invariably fatal outcome generally attributed to respiratory failure. Nevertheless, there is most often little or no histopathological evidence of neural destruction in animals dying of rabies (28) , and functional changes in RV-infected neurons in vitro are minimal (29) . We speculate that death from rabies may be the result of what is essentially a short circuit of normal neural pathways caused by the formation of new associations between neurons as a consequence of genes activated by the infection. To test this and the other hypotheses presented in this study, further experiments in gene knockout mice as well as in cultures of primary neurons are required. It is conceivable that such studies may lead to novel rabies postexposure therapeutic strategies that may extend the period after infection before a lethal outcome becomes inevitable.
